Between days 9.5 and 10, the forelimb buds of developing murine embryos progress from stage 1 which are just beginning to express shh and whose posterior mesoderm has only weak polarizing activity to stage 2 limbs with a distinguishable shh expression domain and full polarizing activity. We ®nd that exposure on day 9.5 to teratogens that induce the loss of posterior skeletal elements disrupts the polarizing activity of the stage 2 postaxial mesoderm and polarizing activity is not subsequently restored. The ontogeny of expression of the mesodermal markers shh, ptc, bmp2, and hoxd-12 and 13, as well as the ectodermal markers wnt7a, fgf4, fgf8, cx43, and p21 occurred normally in day 9.5 teratogen-exposed limb buds. At stage 3, the treated limb apical ectodermal ridge usually possessed no detectable abnormalities, but with continued outgrowth postaxial de®ciencies became evident. Recombining control, stage matched limb bud ectoderm with treated mesoderm prior to ZPA grafting restored the duplicating activity of treated ZPA tissue. We conclude that in addition to shh an early ectoderm-dependent signal is required for the establishment of the mouse ZPA and that this factor is dependent on the posterior ectoderm. q
Introduction
The loss of postaxial digits, especially from the right forelimb, is the primary malformation observed in fetuses following mid-gestational exposure of pregnant mice to a variety of teratogens (Bell et al., 1997a) . The dose-related increasing loss of skeletal elements from posterior to anterior suggests interference with the patterning process of the anterior posterior axis. Preferential loss of right forelimb postaxial digits is also a characteristic of the Wnt7a null mouse phenotype (Parr and McMahon, 1995) . In the chick and mouse limb, WNT 7A is produced by the dorsal ectoderm (Parr and McMahon, 1995; Yang and Niswander, 1995) . Studies performed in the chick wing indicate that ®broblast growth factors (FGFs) produced by the apical ectodermal ridge (AER) along with WNT7a coordinately regulate sonic hedgehog (shh) expression in the postaxial mesoderm (Niswander et al., 1994; Laufer et al., 1994; Yang and Niswander, 1995) . These relationships are likely conserved since a reduced level of shh expression is observed in the limb buds of Wnt7a null murine embryos, an observation which led to the postulation that reduced shh expression is responsible for the missing postaxial digits in the mutants. (Parr and McMahon, 1995) .
The shh expression domain is coincident with an additional characteristic of the postaxial mesoderm, the zone of polarizing activity (ZPA) (Riddle et al., 1993; Chang et al., 1994) . ZPA tissue isolated from the limb bud of the chick (Saunders and Gasseling, 1968) , mouse (Tickle et al., 1976; Wanek and Bryant, 1991) , and other amniotes (Fallon and Crosby, 1977) is capable of inducing mirror-image digit duplications following transplantation into the anterior margin of a host chick wing bud. In the presence of the AER, ectopic introduction of SHH into the anterior margin of a chick wing bud induces duplications typical of ZPA grafts (Riddle et al., 1993; Lopez-Martinez et al., 1995; Yang et al., 1997) and other tissues which express shh also possess polarizing activity (Wagner et al., 1990; Izpisua-Belmonte et al., 1992; Chang et al., 1994; Koyama et al., 1996; Selleck et al., 1996) . Furthermore, the AER is required to maintain both polarizing activity and shh expression (Niswander et al., 1993 (Niswander et al., , 1994 Vogel and Tickle, 1993) . Combined, these data have led to the conclusion that SHH mediates the polarizing activity of ZPA tissue.
Herein, we utilized a drug exposure regimen that induces a high incidence of fetuses affected with missing forelimb posterior skeletal elements as a tool to explore how teratogen exposure disrupts normal limb morphogenesis. The exposure chosen for these studies was acetazolamide in combination with the amiloride analog benzamil. Acetazolamide is a known inhibitor of carbonic anhydrase (the enzyme which catalyzes the conversion of CO 2 to bicarbonate) (Maren, 1967) and can induce congenital malformations in mice, rats, and hamsters (as reviewed by Hirsch and Scott, 1983) . Co-administration of a Na
1

/H
1 exchange inhibitor, amiloride, or one of its analogues increases both the frequency and severity of acetazolamide induced postaxial forelimb defects (Ellison and Maren, 1972; Bell et al., 1997a,b) .
Through the experiments reported here, we have pinpointed a window in development during which ZPA activity is established in the mouse limb bud. We provide data indicating that teratogen exposure on day 9.5 results in limb buds which lack polarizing activity on day 10 despite the presence of shh expression and normal expression of downstream genes. We also show that normal ectoderm can confer polarizing activity to day 9.5 teratogen-exposed mesenchyme suggesting that an ectoderm-dependent signal in addition to shh is required for ZPA activity. Furthermore, the polarizing activity of limb buds exposed to the same teratogens on day 10, does not alter polarizing activity nor does it result in postaxial limb defects. We conclude that postaxial ectrodactyly is induced by disruption of a mesenchymal-epithelial interaction critical for the establishment of the ZPA.
Results
Mouse limb dysmorphology
A consistent loss of postaxial structures is required to elucidate the molecular and cellular basis underlying normal and abnormal limb morphogenesis. As shown in Table 1 and Fig. 1 , the frequency of right forelimb postaxial ectrodactyly (RFE) was 86% following maternal administration of 250 mg/kg acetazolamide and 0.5 mg/kg benzamil on day 9.5 of gestation with a resorption incidence of 27%. The most commonly observed defects included the absence of digit 5 on the right forelimb (RFE 5) (Fig. 1B) exhibited by 46% of the progeny or the absence of digits 4 and 5 (Fig. 1C) exhibited by 25% of the progeny. A small percentage of the fetuses, 12%, were severely affected missing most of the autopod and the ulna (Fig. 1D) . In contrast, 6 females were administered the same dose of teratogens on the morning of gestational day 10. Of the 33 live progeny examined on day 18, none possessed forelimb abnormalities (Table 1) . However, drug exposure clearly affected embryo survival as indicated by the high incidence of resorption (36%).
Characterization of the postaxial limb bud
On gestational day 11, embryos exposed to acetazolamide and benzamil on day 9.5 possess stage 5/6 forelimb buds which are visually distinguishable from controls by the¯at-tened appearance of the postaxial limb margin (Fig. 2B ). Prior to day 10.5, it is rarely possible to make such a distinction. Using molecular marker analysis and known properties of the limb bud, our goal was to de®ne disruptions in normal limb morphogenesis between teratogen exposure on day 9.5 and the unequivocal appearance of abnormality on day 11.
Normal limb buds
At the time of teratogen exposure, day 9.5, embryos characteristically possess~stage 1 forelimb buds (Wanek et al., 1989) . At this developmental stage in the mouse, the AER is not established but the cells thought to form the AER are localized within the ventral ectoderm of the limb bud (Bell et al., 1998; Loomis et al., 1998) . Whole mount in situ hybridization assays indicated that shh expression in the limb is just beginning, visibly detectable in the forelimb buds of only 6/16 embryos examined.
Previous studies demonstrated that older mouse postaxial limb mesoderm possesses polarizing activity but how early the mouse forelimb acquires polarizing activity was not evaluated (Wanek and Bryant, 1991) . To determine if the (Fig. 3 ).
Teratogen-exposed limb bud
Thirty-four grafts were made composed of mouse donor ZPA tissue isolated from either the left or right forelimb bud of embryos from day 9.5 drug-treated mouse dams. A b Score derived by points assigned to most posterior duplicated digit; digit 4 3, digit 3 2, digit 2 1, no additional digit 0; sum/highest possible score £ 100 activity score (Honig et al., 1981) . dramatic reduction in the polarizing activity of grafted drugexposed ZPA tissue was observed (Table 2 ) detectable as early as the stage 2 forelimbs present~12 h after drug administration. Continued limb outgrowth did not restore polarizing activity to the postaxial mesoderm of treated limbs (Table 2) . ZPA tissue isolated from right forelimbs of early day 11 embryos exposed to teratogens on day 10 of gestation possessed polarizing activity comparable to the stage matched controls (Table 3 ). These data suggest that drug exposure disrupts the establishment of polarizing activity since exposure to limbs with an established ZPA neither reduces polarizing activity nor induces malformations (Table 1) .
Due to the postaxial nature of the observed teratogen induced skeletal defects, we examined the expression pattern of genes implicated in the establishment and maintenance of limb bud anterior/posterior patterning including wnt7a, shh, ptc, bmp2, and the hoxd cluster genes -12 and 13 in stages 3, 4, and 5/6 limb buds. Stage 3±5 teratogenexposed limb buds expressed wnt7a normally in the dorsal ectoderm (data not shown). No distinguishable differences between the expression domains of ptc, bmp2, and hoxd-12 and -13, were detectable when stage 3 or 4 treated limb buds were compared to controls (Fig. 4 , data not shown). By stage 5/6 treated limbs possessed a visibly¯attened posterior margin (Fig. 2B, 4) . The expression patterns of ptc and the hoxd cluster genes suggests that the treated limb bud continues to express these genes. However, the extreme posterior domain of expression is absent and the limb bud does not attempt to compensate for the loss by shifting the expression domain to a more anterior position in the mesoderm. These observations suggest that normal patterning has not been disrupted and the absent posterior expression domains can be correlated with the tissue which has visibly failed to develop.
Attention focused on shh expression since this molecule is clearly central to anterior/posterior pattern formation and has been linked with polarizing activity. As can be seen in Fig. 3 , shh expression began shortly after the forelimb bud reaches stage 1 and continued to increase through stage 4. To our surprise, in the treated embryos, the ontogeny of shh expression was not changed in stage 1±4 limb buds. As is observed in stage 2 control limbs (Fig. 3A) , small detectable domains of shh were observed in 9/9 of the treated stage 2 limb buds examined (Fig. 3B ,C) and with continued outgrowth the shh domain continued to increase in size in teratogen-exposed limbs (Fig. 3E,F,H,I ). In the majority of treated stage 3 limbs, the size of the shh expression domain also paralleled controls (Fig. 3D±F ). Consistent with the low incidence of severely affected right forelimbs with RFE 3,4,5 (Table 1 ) a few stage 3 forelimbs (3/16) possessed a diminished domain of shh (data not shown). The shh expression domain in treated stage 4 limb buds was also indistinguishable from controls in more than half of the embryos examined (10/17) (Fig. 3G vs. H). In the remaining stage 4 treated limbs, the shh expression domain was variably diminished (Fig. 3I) . By stage 5/6 a dramatic loss in the shh expression domain was evident in the treated limbs (Fig. 3J vs. K,L), accompanied by a corresponding loss of posterior limb mesenchyme, presaging the occurrence of missing skeletal elements.
From these studies it is notable that in all stage 3 and 4 teratogen-exposed limbs more shh expression persisted than was evident in stage 2 control limb buds (Fig. 3 ), yet polarizing activity was dramatically diminished (Table 2 ). Since the length of time anterior mesoderm is exposed to SHH has been shown to be important in the polarizing growth response (Helms et al., 1994 (Helms et al., , 1996 Yang et al., 1997) , we evaluated mouse shh expression in grafts of stage 3 right forelimb ZPA tissue 24 h after grafting into a host chick wing bud. Of the 10 control ZPA grafts made, 8 continued to express shh at 24 h (Fig. 5A ). Similar levels of expression were observed in 9 of the 12 teratogen-exposed ZPA grafts (Fig. 5B) . These data indicate that the failure of the teratogen-exposed tissue to induce a duplication is likely not attributable to a lack of suf®cient exposure to shh. Fig. 4 . Characteristics of the postaxial mesoderm in untreated limb buds (control) and those exposed to acetazolamide and benzamil on day 9.5 (treated). In situ hybridization assays on stage 3±5/6 limb buds using riboprobes for ptc and hoxd13. Note the similarity in expression domains between stage 3 and 4 control and treated limb buds. Arrow indicates the posterior ptc expression domain present in the control which is not observed in the posteriorly¯attened margin of stage 5/6 treated limb buds (arrowheads). 
Apical ectodermal ridge
Since normal outgrowth of the limb is known to be dependent on the AER, we examined control and treated limb buds by whole mount in situ hybridization with riboprobes known to hybridize within cells of the AER including fgf4, fgf8, connexin 43, and p21. The fgfs are thought to signal the mesenchyme promoting continued proximal distal outgrowth of the limb (Niswander et al., 1993) . Connexin 43 (cx43) is a gap junction protein allowing intercellular communication between ridge cells (Meyer et al., 1997) . p21, also known as waf1, cip1, and sdi1, is considered a marker of cellular differentiation (Parker et al., 1995) . Prior to stage 3, fgf8, cx43, and p21 are expressed in the ventral marginal population of ectoderm cells that will form the AER (Meyer et al., 1997; Bell et al., 1998; Loomis et al., 1998; unpublished observation) . This population of cells hybridizes to these 3 riboprobes indistinguishably from controls in treated stage 2 limb buds (data not shown). During stage 3 of mouse limb development, the AER becomes morphologically distinct (Wanek et al., 1989) , continues to express fgf8, cx43, and p21 and the expression of fgf4 is ®rst detectable (Fig. 6A ,C,E; data not shown; Niswander and Martin, 1992) . The expression of fgf4 is initiated normally in the AER of stage 3 limb buds exposed to teratogens on day 9.5 ( Fig. 6A vs. B) . In 80% of the embryos with #33 somites, the AER in treated embryos appeared normal and continued to express p21 (Fig 6C vs.  D) , fgf8 (Fig. 6E vs. F) , and cx43 (data not shown). In the remaining embryos, a slight shortening of the postaxial margin was evident. During stage 4, abnormalities in the postaxial margin of the AER were more frequently observed (68%). Hybridization with riboprobes to fgf 4 and 8 commonly revealed a thinning of the extreme postaxial margin (Fig. 6H,K,N,O) or a postaxial truncation (Fig.  6I,L) . By stage 5/6, these malformations were more pronounced (data not shown) and a lack of ridge uniformity across the dorso/ventral limb axis (Fig. 6M vs. P) became apparent. Double-label in situ hybridization assays using riboprobes for fgf8 and shh indicated that treated limbs with truncated AERs possess correspondingly lower levels of shh expression (data not shown). Limbs in which the postaxial AER was more mildly affected maintained normal shh expression domains.
In contrast, no detectable differences in the extent of the postaxial AER boundary were detected in embryos exposed to teratogens on day 10 and collected 24 h later (data not shown).
Tissue recombination
Because the majority of stage 3 treated right limbs appear to express molecules like shh and fgf4 normally, yet the postaxial mesoderm consistently has greatly diminished Fig. 5 . Mouse shh expression 24 h after grafting into a host chick wing. Grafted tissue was isolated from stage 3 untreated (A) or acetazolamide plus benzamil day 9.5 treated (B) right forelimb buds. polarizing activity, we hypothesized that the integrity of mesenchymal/epithelial interactions was disrupted by teratogen exposure on day 9.5. To determine if the polarizing activity of stage 3 teratogen-exposed limb buds could be restored, we isolated ectoderm from untreated stage 3 mouse right forelimb buds and recombined it with mesoderm isolated from stage 3 teratogen-exposed right forelimb buds. Recombining these tissues preserves the normal anterior/posterior and dorsal/ventral orientations of the ectoderm with respect to the mesoderm. The recombined ZPA mesoderm with its overlying ectoderm was grafted to the anterior chick wing. As shown in Table 4 , polarizing activity was restored to treated mesoderm by an association with untreated right posterior limb ectoderm. As a control, isolated right forelimb treated mesoderm was recombined with right forelimb treated ectoderm isolated from another limb bud. Analogous to grafts made with treated stage 3 ZPA mesoderm (Table 2) , grafts composed of recombined treated ectoderm and treated mesoderm also failed to induce duplications in the chick limb bud (Table 4) .
To determine if the polarity of the ectoderm was critical to restore polarizing activity, left forelimb untreated ectoderm was recombined with right forelimb treated mesoderm prior to grafting (Table 4 ). This recombination strategy associates postaxial treated mesoderm with anterior dorsal and ventral ectoderm and the anterior margin of the AER. When recombined in this fashion, polarizing activity was not restored to the treated ZPA tissue. These data suggest that the restorative capacity of normal stage 3 ectoderm on stage 3 treated ZPA mesoderm is dependent on a product produced by the postaxial ectoderm/AER.
To determine whether ZPA activity is indigenous to the mesoderm at stage 3, right forelimb untreated mesoderm was recombined with treated stage 3 right forelimb ectoderm prior to grafting. Polarizing activity was exhibited by all of the grafts (Table 4) suggesting that the treated ectoderm does not produce an inhibitory factor that prohibits ZPA activity and that at stage 3 polarizing activity is indigenous to the mesoderm.
Discussion
The current ®ndings con®rm that co-administration of acetazolamide and benzamil on day 9.5 of gestation induces postaxial distal forelimb de®ciencies. However, administration of the same teratogens on day 10 of gestation fails to result in limb abnormalities. The data presented indicates that between day 9.5 and day 10 the untreated forelimb bud progresses from stage 1 exhibiting weak polarizing activity to stage 3 limbs that possess full polarizing activity. The observation that teratogen exposure on day 10 does not diminish the polarizing activity normally present nor result in malformations suggests that, once established, polarizing activity is not affected by exposure to acetazolamide and benzamil. In the chick, polarizing activity is an established property of the mesoderm by stage 17/18 (Helms et al., 1996) . The recombination experiments performed herein with treated ectoderm and untreated mesoderm suggest that polarizing activity is also a characteristic of the mouse limb bud mesoderm by stage 3. Helms et al. (1996) previously proposed that the establishment of polarizing activity in the chick limb is dependent on early mesenchymal/epithelial interactions. Upon grafting stage 14/15 prospective wing ®eld mesoderm into the anterior margin of a stage 20 host chick only weak polarizing activity is observed. In contrast, this mesoderm in the presence of its associated ectoderm exhibits strong polarizing activity. Furthermore, the establishment of an ectopic anterior ZPA in response to physiological levels of retinoic acid are dependent on the overlying retinoic acid-exposed AER which is functionally equivalent to young (stage 14/15) ank ectoderm. We believe the stage 1 murine limb bud present at the time of teratogen exposure on day 9.5 similarly possesses young ectoderm. Because, unlike the chick limb a considerable amount of limb outgrowth occurs before a morphologically distinct AER is formed in the mouse limb (Wanek et al., 1989; Bell et al., 1998; Loomis et al., 1998) . The weak polarizing activity exhibited by stage 1 mouse mesoderm, taken in combination with the observed low or absence of polarizing activity of teratogen-exposed tissue at later developmental stages, suggests teratogen exposure on day 9.5 disrupts the mesenchymal/epithelial interactions involved in establishment of assayable ZPA activity in the postaxial mesoderm.
Although morphological abnormalities in the AER of treated limb buds become visibly distinguishable with continued limb outgrowth, we cannot determine if the teratogenic insult directly acts on the ectoderm or if the ectoderm abnormalities are a consequence of an effect on the mesoderm. The mesoderm both induces and maintains the AER in the chick (Saunders, 1948; Zwilling and Hansborough, 1956; Saunders and Reuss, 1974 ). An interesting possibility is that different factors may regionally be responsible for AER maintenance. Supporting evidence is the preferential loss of the anterior AER margin in the forelimb buds of the legless mutant (Bell et al., 1998) and the loss of the anterior and distal AER margins in homozygous Dac mutants in which only the posterior AER is maintained (Crackower et al., 1998) . Thus, teratogen exposure could interfere with regional posterior AER maintenance. Alternatively, due to the presence of young ectoderm that has not developed an AER, teratogenic insults may alter signaling at a critical time in AER formation. The observed preferential sensitivity of the postaxial AER may therefore be linked to observations made by Milaire (1962) that the postaxial margin of the AER becomes morphologically distinct ®rst. Previous experiments in the stage 19/20 chick indicate that polarizing activity is lost in response to postaxial AER removal. The time course of this loss is gradual such that 24 h after ridge removal only a 40% reduction in polarizing activity is observed with a complete loss by 32 h (Niswander et al., 1993) . Twenty hours after AER removal, shh expression was undetectable (Niswander et al., 1994) . In the present experiments, the loss of polarizing activity by teratogen-exposed stage 2 right forelimb ZPA tissue is the earliest consistently detectable disruption from normal limb morphogenesis uncovered so far. However, in contrast to the chick AER removal experiments, in the stage 2 and the majority of stage 3 teratogen-exposed limbs the forming AER appears normal and the shh expression domain is indistinguishable from controls. Yet, unlike controls the shh expressing treated ZPA tissue fails to induce duplications when transplanted to the anterior margin of a chick wing host. Previous studies by Helms et al. (1994 Helms et al. ( , 1996 correlated the inability of shh expressing tissue to induce a duplication with a loss in shh expression 13 h after grafting. In contrast, treated stage 3 ZPA tissue continues to express shh for at least 24 h. This length of exposure to either ZPA tissue or beads harboring mouse SHH is suf®cient to induce full mirror image duplications (Smith 1980; Yang et al., 1997) . The failure to induce a duplication could be the result of teratogen exposure disrupting shh processing, however, we believe this to be unlikely. The normal expression of ptc and bmp2 in the treated mouse limb suggests that SHH is signaling normally if one assumes that SHH is an upstream regulator of these genes as has been demonstrated in the chick (Laufer et al., 1994; Marigo et al., 1996) . Although arguments could be made for dosage effects such that a lower dose of shh is necessary for ptc and bmp2 activation than is required for assayable polarizing activity, we suggest that this is also unlikely. The stage 1 limb possesses barely detectable levels of shh and weak polarizing activity. Whereas, a greater amount of shh expression is evident in even a severely affected treated limb when compared to that present in a stage 1 limb bud, yet, the polarizing score of stage 3 treated right limbs (0) is less than that observed for the stage 1 limb (27). The ability of untreated stage 3 right forelimb ectoderm when recombined with treated right forelimb mesoderm to restore the polarizing activity of treated mesoderm suggests that teratogen exposure has disrupted a unique postaxial epithelial/mesenchymal signaling interaction. A candidate signaling interaction is the proposed feedback loop between shh and FGF4 (Laufer et al., 1994; Niswander et al., 1994) . Fgf4 is considered by many to be a unique characteristic of the postaxial AER (Niswander and Martin, 1992) . However, fgf4 expression is not restricted to only the posterior margin of the AER overlying the ZPA (see Fig. 6 ), rather, the expression domain also includes most of the AER over the progress zone. In the experiments presented herein, the majority of treated stage 3 limbs possess a normal AER that expresses fgf4 and have little or no polarizing activity. In contrast control stage 2 limbs do not express fgf4 yet have full polarizing activity. Therefore, we propose that teratogen exposure on day 9.5 has disrupted the establishment of polarizing activity, an event independent of FGF4 activity. This conclusion is further supported by the observation that stage 1 limbs do not yet express fgf4 and possess polarizing activity, albeit weak. In addition, the mouse mutant legless possesses normal polarizing activity in the absence of fgf4 expression (Bell et al., 1998) and both presumptive chick stage 14/15 wing ®eld tissue and the postaxial mesoderm of wing buds from the mutant limbless possess polarizing activity in the absence of detectable fgf4 and shh expression (Hornbruch and Wolpert, 1991; Helms et al., 1996; Ros et al., 1996) . In combination, these data suggest that factors in addition to shh and fgf4 are involved in the establishment of polarizing activity.
The existence of a co-factor which acts with SHH to mediate polarizing activity was previously proposed by Ogura et al. (1996) using an in vitro system. They generated ES and p19 cell lines expressing shh at 10X the level as ZPA cells. When these cells were aggregated and implanted into the anterior margin of a chick host, typically only an extra digit 2 formed. However, a 2-day exposure of these cells to retinoic acid prior to implantation resulted in more extensive duplications leading Ogura et al. (1996) to propose that a RA-inducible co-factor is required to act with SHH to mediate polarizing activity. Our data suggest that in vivo, the postaxial ectoderm regulates not only shh as has been previously demonstrated but also the proposed co-factor. Several other lines of evidence support the hypothesis that SHH doesn't act alone to mediate polarizing activity despite the capability of ectopic SHH to induce duplications of the chick wing. A notable concern is the amount of ectopic SHH needed to induce a polarizing growth response. Tickle (1981) previously demonstrated that only a very small number of ZPA cells are actually needed to induce a polarized duplication. An additional digit 2 can be induced with only 35 ZPA cells, digit 3 with 50±100 ZPA cells, and digit 4 with 100±200 ZPA cells. In contrast, Yang et al. (1997) needed to implant~30 000 Cos cells, 95% of which expressed shh, in order to induce a duplication containing digit 4. The requirement for 300 times more shh expressing Cos cells than ZPA cells to yield an equivalent polarizing growth response could indicate that normally the ZPA cells bring an additional component to the graft/host interaction leading to mirror image duplications. Combined these data support the existence of a signal in addition to SHH involved in mediating the polarizing activity of grafted ZPA tissue.
Materials and methods
All animal protocols were approved by the Institutional Animal Care and Use Committee in accordance with NIH guidelines. Studies were conducted in C57Bl/6CrIBR mice purchased from Charles River. Individual males were placed in female cages for the last 1±2 h of the 12-h dark cycle. The presence of a vaginal plug indicated a successful mating and 09:00 am was considered time zero of pregnancy.
On day 7, 8, or 9 of gestation, plugged females were lightly anesthetized with Metofane and checked for pregnancy by abdominal palpation. Control animals included both untreated animals and those administered the vehicles (carboxymethyl cellulose and water). Vehicle control and drug treated animals were lightly anesthetized prior to receiving subcutaneous injections on either day 9.5 or 10. Acetazolamide (gift from Lederle Laboratories) was suspended in 0.3% carboxymethyl cellulose at a concentration of 25 mg/ml and delivered at a dose of 250 mg/kg. Two hours later, a solution of 0.05 mg/ml Benzamil±HCl (Research Biochemicals International, Natick, MA) in water was administered at a dose of 0.5 mg/kg. Pregnant mice were killed by anesthetizing with Metofane prior to cervical dislocation. Embryos were collected on days 9±11 for in situ hybridization assays and the ZPA grafting experiments. For skeletal analysis, dams were sacri®ced on day 18 and fetuses were prepared by double staining of cartilage and bone, as modi®ed in our laboratory (Kuczuk and Scott, 1984) .
In situ hybridization
Assays were performed essentially as described by Wilkinson and Nieto (1993) with proteinase K treatments as described in Bell et al. (1998) . Embryos were examined and photographed using a Wild M5A stereoscope. For each developmental stage examined, embryos were analyzed from several litters.
Nile blue
Embryos were dissected free of their surrounding membranes and placed into Nile blue sulfate diluted in PBS 1:20 000 for 15±20 min at room temperature. Embryos were destained in PBS ) for 20±30 min and immediately photographed.
Riboprobes
Digoxigenin-labeled riboprobes were transcribed from linearized DNA templates using either SP6, T3 or T7 RNA polymerase. Template DNAs were generously provided by Gail Martin (mouse fgf4 and fgf8), Matthew Scott (mouse ptc), Andrew McMahon (mouse shh and wnt7a), Denis Duboule (Hoxd-12 and -13), Brigid Hogan (mouse bmp2), Cecilia Lo (cx43) and Steven Elledge (p21).
ZPA grafts
Prior to grafting, fertilized White Leghorn eggs (SPAFAS) were incubated at 388C for 3.5 days. During the third day of incubation, 1±2 ml of albumin was removed, eggs were windowed, and 3 drops of penicillin/streptomycin (50 units/ml) were added. Donor pieces of mouse ZPA tissue were isolated and grafted between the AER and anterior mesenchyme of stage 19/20 (Hamburger and Hamilton, 1951 ) chick wing buds. The mouse donor tissue was isolated from the posterior distal margin of forelimb buds from drug treated and control embryos (either untreated or vehicle control treated). Littermates not used for grafting were ®xed in paraformaldehyde for in situ hybridization studies. After grafting, windows were taped closed and the eggs were returned to the incubator. For whole mount in situ hybridization assays, chick embryos were isolated 24 h after grafting and immediately ®xed. To assess polarizing activity, grafted chick embryos were incubated for 7 additional days prior to killing. Right and left wings were removed from the host embryo and processed (Kuczuk and Scott, 1984) . After staining, the digit pattern was determined and the index of polarizing activity was assessed according to Honig et al. (1981) ; see Table 2 for speci®cs. In the polarizing assay, no differences were observed between untreated and vehicle treated tissues, therefore the data was combined in the table.
Ectoderm recombination experiments
While attached to the embryo, a small dot of India ink was applied to the posterior border of mouse forelimb buds. Limb buds were cut from the embryo and placed in 2% crude trypsin PBS , -Mg 21 ) on ice for 30 min and subsequently transferred into 10% fetal calf serum on ice for 30 min. Watchmaker forceps were used to dissociate the ectoderm from its underlying mesoderm being careful to detach the entire ectoderm as a single hull. Isolated ectoderm hulls and mesoderm were recombined as indicated in Table 4 . The recombined limb bud tissues were allowed to interact for 2 h at room temperature before dissecting out the ZPA with its overlying ectoderm. ZPA tissue grafts were made into the anterior margin of a stage 19/20 chick embryo host and allowed to develop for 7 days.
